The extent of air contamination by halothane in an operating session was correlated with the number of patients, the total usage of halothane, refilling a vaporizer and the number of hyperventilating patients per session. Trichloroethylene content of theatre air correlated only with total usage and refilling a vaporizer. A very strong personal association (P<^0.001) was found between the anaesthetist and the extent of air contamination with halothane. The association was weaker (0.05 <P<0.1) for trichloroethylene. The median ambient air contamination with halothane in the vicinity of the faces of anaesthetists and dental surgeons was between six and nine times greater than the median air contamination at the fixed sampling sites (P<^ 0.005).
The extent of air contamination by halothane in an operating session was correlated with the number of patients, the total usage of halothane, refilling a vaporizer and the number of hyperventilating patients per session. Trichloroethylene content of theatre air correlated only with total usage and refilling a vaporizer. A very strong personal association (P<^0.001) was found between the anaesthetist and the extent of air contamination with halothane. The association was weaker (0.05 <P<0.1) for trichloroethylene. The median ambient air contamination with halothane in the vicinity of the faces of anaesthetists and dental surgeons was between six and nine times greater than the median air contamination at the fixed sampling sites (P<^ 0.005).
Although contamination of operating theatre atmospheres by anaesthetic agents occurs, controversy has arisen over the health risks to people working in such an environment. If the risks are difficult to quantify, the extent of air contamination can be measured accurately, although the problems involved are considerable. It is important to have reliable, precise and accurate data for establishment of current normal contamination patterns in theatres of various designs and with various work patterns, in order to determine the nature and extent of the risks of exposure and to test the effectiveness of contamination control systems. For toxicological studies to be effective, reliable data on exposure patterns are needed.
In a previous communication (Robinson et al., 1976) , the importance of accuracy and precision was stressed, and associated problems of sampling, measurement and calibrations, and statistical treatment of results, were discussed and some solutions were proposed. The present study applies to an outpatient dental theatre in a dental hospital. Vapours of anaesthetic agents are discharged into operating theatre air, not only from patients' expired gases, but also from filling and draining of vaporizers, whether or not spillage occurs; they are also released through leakage from ill-fitting joints (Berner, 1973) . Account was taken of such factors in this study.
METHODS
The atmospheric concentrations of halogenated anaesthetic agents were measured by an automatic sampler unit and a gas chromatograph incorporating a variable frequency pulsed electron capture detector (Robinson et al., 1976) . Air samples were drawn automatically through various long, narrow nylon catheters (3.2 mm o.d., 1.2 mm i.d., 15-18 m long). The catheters terminated at various fixed sites and on the persons of the anaesthetist and of the dentist. These catheters were attached to clothing, with the sampling site near to the neck. This system was calibrated using primary absolute standards prepared in a diffusion dilution apparatus (Barratt, Jones and Thompson, 1975) . Measurements of air movements in the operating theatre were made using a purposebuilt hot wire anemometer (Hutton and Thompson, 1975) in order to assess the distribution.
The survey of air quality was made in an outpatient dental theatre at the Birmingham Dental Hospital over a period of 3 months. The theatre was 4.9 m square and 3.2 m high with one wall of singly-glazed windows along its whole length at a height of 0.95 m above the floor. The dental chair was placed almost centrally beside the suspended unit of gas supply lines. There were two doorways in the room, and a plenum ventilation system, with two entry points and one exhaust point. The engineers' specification for the theatre ventilation system was for 20 air changes per hour in the room. This specification refers to the volume of air delivered by the inlet fan. Figure 1 represents the general arrangement of this theatre and chromatograph at regular 5-min intervals. In some sessions all samples were drawn from the anaesthetist's line (6J sessions, 202 samples), or all from the dentist's line (three sessions, 108 samples), in others all samples were drawn from the fixed sampling sites, either: (a) all seven sites in sequence (so that each site was sampled every 35 min) (28 sessions, 812 samples), or ventilation in PLAN ventilation in gas supplies dental chair shows the location of the sampling points. Eleven consultant or senior registrar anaesthetists worked in the theatre and used a variety of anaesthetic procedures. In addition, dental students were sometimes present for instruction in either anaesthesia or extraction techniques. The cases dealt with were mostly emergency extractions. The anaesthetic machine used in the theatre was a B.O.C. Walton 5, delivering nitrous oxide and oxygen through a nasal mask continuously during induction and on demand during maintenance of anaesthesia. Halothane and trichloroethylene vaporizers (Drawover Fluotec and Tritec) were fitted in series on the Walton 5 machine, although some anaesthetists removed one vaporizer. As most operations were rather short, the anaesthetist was asked to record the maximum concentration used during an operation. Table I lists the factors recorded by the anaesthetist on a record sheet supplied by us. Samples of air were taken during a total of 48 sessions, 26 mornings and 22 afternoons. Throughout each session samples were injected into the gas The relationship between the extent of contamination in a given operating session and the various factors influencing the contamination were established by simple correlation coefficient calculations described in Appendix B, as well as by Kruskal-Wallis analysis (Appendix A).
The sum of all the observed concentrations at a site in any one session was taken as an estimate of the total contamination at that site for that session. The factors likely to affect this total are listed in table II. Some factors may vary from session to session, but will remain constant within a session, for example the anaesthetist. However, other factors may vary within a session but cannot easily be related to particular measurements of concentration, for a variety of reasons. There can be a delay between the recorded event and its influence at a sampling site; also the recording of the various factors by the anaesthetists is inherently imprecise if only because of the low priority given to it in their activities. At each fixed sampling site, the air was sampled only intermittently with either a 35-or a 20-min interval between such samples. Therefore the magnitude of each of the factors which varied during a session was expressed as the sessional sum (of vaporizer settings) or the sessional number (of administrations, of vaporizer refillings, etc.). The dependence of the sums of observed concentrations on the sums of the various factors was then examined as described in Appendix B.
Blood halothane concentrations were measured before and after certain sessions for a small number of theatre personnel, merely as an exploratory exercise. The groups examined were (i) anaesthetists, (ii) theatre nurses, (iii) dental students giving anaesthetics, (iv) dental students undertaking extractions. Blood samples (2 ml each) were taken at the beginning of a session to determine "blank" values and at the end of an operating session to determine uptake of halothane during the session. Each sample (1 ml) was extracted using n-hexane 2 ml. Aliquots from the n-hexane extracts (1 jxl) were injected into the gas chromatograph used for the analysis of halothane in air. All experimental conditions were the same as in the air contamination analysis.
RESULTS AND DISCUSSION

Fixed site and personal sampling
The sample population distribution of halothane concentrations for (a) all fixed sites, (b) personal monitoring of anaesthetists and (c) personal monitoring of dental surgeons is illustrated in figure 2 . made at the fixed sites and for the personal sampling of anaesthetists and dental surgeons.
The fixed site arithmetic mean halothane concentrations ranged from 14.5 y.g litre-1 (site 3) to 35.8 fig litre" 1 (site 6), whereas the medians ranged from 2.2 fj.g litre" 1 (sites 3 and 4) to 6.6 \xg litre" 1 (site 5). The median is a more useful, meaningful and representative measure of the location of the distribution when the latter is non-Gaussian. KruskalWallis analysis (Kruskal and Wallis, 1952, 1953) of the seven fixed-site sample populations (Appendix A) shows that there is at least one pair of sites the medians of which differ significantly using the populations from both sampling methods combined (A: sites 1 to 7 consecutively; B: sites 1, 2, 5 and 6) with P^0.001 and for sampling method A alone with P between 0.10 and 0.05. Multiple comparisons using Dunn's method (Dunn, 1964 ) (Appendix A) show that site 3 median is significantly smaller than site 5 median (P = 0.005 sample method A alone; P = 0.10 sample methods A and B together), and is also significantly smaller than the site 6 median (P = 0.20). No other significant difference between sites was noted. There is some evidence ) that halothane 150 jxg litre" 1 may be equal to or greater than a threshold value for this drug, in that significant e.e.g. changes have been observed at this concentration in the atmosphere. The medians for the personal exposures of the anaesthetists and dental surgeons are significantly greater than the median for the pooled fixed site data (Z 3^ 0.005 for the one-sided version of the Kolmogorov-Smirnov two-sample test). From these tables it may also be noted that the anaesthetists' and dental surgeons' median personal exposures are between six and nine times greater than the median of the fixed site observations, whereas the arithmetic means are greater by between two and 10 times. It is not immediately obvious from table V that the percentage of observations greater than the specified halothane concentrations do not differ Downloaded from https://academic.oup.com/bja/article-abstract/51/9/845/293900 by guest on 07 April 2019 significantly for the anaesthetists and dental surgeons, but no significant difference was found between the personal exposures of these two groups (KolmogorovSmirnov two-sample test, two-sided version).
If it is assumed that the theatre ventilation is adequate to remove any air contamination between sessions or between individual operations, then it might be reasonable to suppose that atmospheric concentrations of halothane or trichloroethylene would remain small (possibly less than the set limit of detection of the analytical equipment), until either a patient is anaesthetized or the vaporizer is filled. Under such circumstances the atmospheric concentrations will increase and decrease quite rapidly, as illustrated in figure 3 , for the anaesthetist's breathing zone. Table VI is a comprehensive table of correlation coefficients (r) and their associated probability values (P) showing the interrelationships between the various factors and their influence on theatre air contamination. The number of cases dealt with per session correlates well with the session total of halothane vaporizer settings, the number of halothane vaporizer refills and the session totals of halothane contamination and its natural logarithm. No such strong correlations are noted for the corresponding trichloroethylene variables; this anaesthetic agent was used much less frequently. As one would expect, there is a strong correlation between the sessional total of vaporizer settings and air contamination both for halothane and trichloroethylene. Vaporizer refills per session correlate only with the natural logarithm of the sessional air contamination, but not with the sessional total itself. This may be related to the fact that the sessional totals of air contamination have a skewed distribution, whereas the natural logarithms of these totals are more normally distributed. The natural logarithm of the sessional totals for halothane in air correlate well with the number of hyperventilating patients, as might be expected from the greater volumes of halothane-containing expired gases in such cases.
Effect of theatre activity
The influence of the anaesthetist upon the extent of air contamination was tested by a Kruskal-Wallis analysis (Kruskal and Wallis, 1952, 1953 ) (see Appendix A) of the sessional totals of halothane and of trichloroethylene in air for each anaesthetist. The anaesthetist had a strong influence on air contamination with halothane (P<| 0.001), but only a weak influence on air contamination with trichloroethylene (0.05<P<0.i).
One factor shown in table I to be influencing the extent of contamination is the vaporizer on the machine, and this may seem a strange factor to consider. We have previously reported (Robinson, Thompson and Barratt, 1977 ) that a vaporizer can deliver volatile anaesthetic agents into the circuit even when turned off and the anaesthetic machine can deliver volatile anaesthetic agents, even when a vaporizer is not fitted. In the present study, trichloroethylene concentrations in the atmosphere of up to 12.5 jxg litre-1 were found even when the drug was not part of the anaesthetic and the vaporizer was turned off. Trichloroethylene concentrations up to 2.2 (j.g litre" 1 were measured when the vaporizer was not even on the anaesthetic machine. Such contamination of the atmosphere can arise from contamination of the anaesthetic machine, from contamination of the vaporizers in series or from contaminated hoses. Whilst this might be of considerable importance when dealing with a susceptible patient, it is only of minor significance as a contributor to pollution by the anaesthetic. The contamination of theatre air arising from vaporizer leakage or other sources is illustrated in figure 4 . It is noteworthy that, in the sixth patient s of the session, anaesthesia was induced with a barbiturate administered i.v., followed by maintenance with nitrous oxide in oxygen alone, but even so, in this case atmospheric concentrations of trichloroethylene increased quite considerably.
Theatre air movement and its effects
There are five main contributing factors which determine the overall air movement pattern in this theatre:
(1) a steady component provided by the plenum ventilation unit; (2) a random fluctuation caused by the movement of doors, hatches and people; (3) draughts from ill-fitting windows; (4) when a large surface area of singly-glazed windows is present, and the external air temperature is low, there is a steady current of air provided by natural convection; (5) other sources of natural convection; people standing or sitting in the theatre, x-ray viewers and theatre lights.
A schematic diagram illustrating the interaction of factors listed under 1,3,4 and 5 on the general pattern of air movement is shown in figure 5 . The random fluctuations introduced under factor (2) will produce a variety of effects. Opening doors and hatches reduce the ability of the plenum ventilation system to maintain a stable pressurization of the theatre. Thus air movement patterns established during pressurization will be disturbed, so that air from the plenum entries will move along paths of low resistance to open doorways and hatches. Movements of people will generate air currents in the form of a wake with speeds of up to about 300 mm s""
1
. Such wakes will only contribute significantly to air movement in areas of otherwise low speed air movements and when there are fairly frequent comings and goings.
The actual velocity vectors measured on a typical winter day during the contamination monitoring programme are shown in figure 6 . On that day, the external air temperature was 3 °C and the theatre air temperature was 22 °C. The three main sources of air entering the theatre were from the two plenum ventilation entry grilles and a draught entering from the ill-fitting windows (nearest the reader on the left of figure 6). The way in which the windows closed caused the air inlet to be initially vertically upwards. However, about 0.3 m from the windows the air had adopted a downwards flow direction because of the higher density of the cold air compared with the room air. When doors and hatches are closed, air leaves the theatre via the plenum ventilation exhaust grille.
Obviously, the external air temperature is important in determining the magnitude of the large convection current and ultimately the movement of contaminants around the theatre. For example, when the theatre was revisited during a summer day when 1 ; the range of air speeds and the approximate direction of the vector are shown for each measurement site. There are five main planes of measurement from the front to the back of the diagram and three planes from left to right. In addition, measurements were made at the seven fixed sample sites used for air contamination sampling: these are shown by the abbreviation ss.
the external air temperature was 19 °C no air movements faster than 50 mm s" 1 could be found. Such results lead one to question the reliability of the plenum ventilation system, because air movement at 20 changes per hour would be expected to produce a greater movement of air than that measured on the summer day.
Some air contamination measurements seem well associated with the rate of turnover of fresh air at sample sites, others do not. Fixed site 3, for example, is on the window sill between anemometer measurement planes A and B ( fig. 6 ), in a region where halothane and trichloroethylene contamination would be vigorously opposed by fresh air entry from the badly fitting windows and accordingly the median contaminant concentrations are significantly lower than elsewhere in the theatre.
Fixed sites 5 and 1 are both in still air close to the source of halothane, and at first glance their concentration readings are both significantly higher than fixed site 3, as one would expect. However, applying the statistical tests between sites 3 and 5 and 3 and 1 it is apparent that the only significant difference is that between sites 5 and 3. The difference between sites 1 and 3 is not significant. Because sites 1 and 5 are only 0.1 m apart this suggests that insufficient readings were taken to allow a statistically significant difference between sites 1 and 3 to emerge.
Blood halothane measurements
The number of measurements of blood halothane concentration from theatre personnel does not justify a rigorous statistical analysis. However, the mean uptake (± SD) of halothane into the blood during an operating session (morning or afternoon) may be summarized as follows: four dental students giving anaesthetics: 231 + 81 (xg litre"" in the blood samples taken at the beginning of the sessions were all less than the expected instrumentation blank + one standard deviation, except for two of the anaesthetists examined. One had been anaesthetizing in a morning session and had an initial blood halothane concentration of 47.1 (xg litre" 1 . The other had been on holiday for 1 week, but still had an initial halothane concentration of 31 jig litre" 1 .
GENERAL DISCUSSION
If the risk to health from pollution by anaesthetic agents is difficult to quantify, exposure (which implies both atmospheric and blood concentrations) can be accurately and precisely measured, although the problems involved and the handling of the data so obtained are considerable if valid conclusions are to be drawn.
As an example, Mehta and others (1975) suggested, from limited data, that halothane contamination of theatre air is not localized to the area immediately around the anaesthetist, but is spread uniformly throughout the theatre. They suggested that all theatre staff are appreciably exposed to halothane, in a manner similar to the anaesthetists, but the results presented here show that anaesthetists and dentists are much more heavily exposed.
The present method of evaluating air contamination in an operating theatre is expensive in time, personnel and equipment, but it is essential if the various factors influencing air contamination are to be evaluated. A detailed knowledge of the fluctuations in air contaminant concentrations readily enables the causes of failure of contamination control systems to be determined.
If the requirement is only to monitor the average contaminant concentrations as part of a safety programme, then "personal monitor" systems are quite adequate and much cheaper (Davenport et al., 1976) . Monitoring contaminant concentrations in expired air of theatre staff would be an alternative to the use of personal monitors, but would be more expensive than the latter.
In the light of knowledge gained in this work, it remains a matter of some concern that the D.H.S.S. circular (HC (76) 38) should have dismissed so lightly the possibility of improvements to the air conditioning system in operating theatres (which may have more beneficial effects than the tenuous benefit of reduction of contamination of the theatre air). The effect of standing near an unopened, singly-glazed window (site 3- fig. 4 , table III) cannot be so lightly dismissed. As Gothe, Ovrum and Hallen (1976) point out, the general level and pattern of ventilation of an operating theatre is a dominant factor in controlling the air contamination, but personal exposures of staff working close to the source of contamination may still need to be controlled by effective scavenging devices. The role of air movement in distributing the air contamination is clearly a subject worthy of much more detailed investigation than was possible here.
APPENDIX A
NON-PARAMETRIC STATISTICAL METHODS
The Kruskal-Wallis test
The data from all the fixed sites were pooled for the purpose of ranking the observations in order of increasing concentration. For all cases in which there were several observations at the same concentration value within experimental error (in statistical terminology, tied data), the ties were resolved by the well-established mid-rank method (Gibbons, 1976) . All observations having the same concentration value were given the mean rank of those observations. Following these procedures the ranked data were re-allocated to their original groups so that the sum of the ranks for each sample population could be calculated. The rank sums thus obtained were used in calculating the KruskalWallis H test statistic denned as:
where k = number of sample populations (here the number of fixed sampling sites); Rj = the sum of ranks in the /th population; n s = number of observations in the ./th sample population and JV = the total number of observations. Where there are many tied data, as here, the test statistic H must be corrected to make the corresponding P value more conservative. This is done by dividing H by the quantity:
where u is the number of observations in all sample populations combined that are tied for any rank, and the sum (2 « 3 -2 ") ls over a " sets °f r ' e d ranks-The number of degrees of freedom is the number of sample populations (k) minus one. The P value corresponding to the calculated H value is normally found as the right-tail probability from the chi-square distribution tables with k -1 degrees of freedom. This P value is the confidence limit for the null hypothesis that the medians of all the sample populations are the same. If the P value is very small, the null hypothesis is rejected and it may be confidently said that at least one median differs significantly from the others.
However, this general test does not identify which medians differ significantly from one another, so that a multiple comparison extension of this test must now be used (for example Dunn, 1964; Gibbons, 1976) . The mean rank of each sample distribution (,R { ) is calculated and the absolute values of the differences between all pairs of such means are calculated QR t -Rj\), so that k(k-\)j2 comparisons may be made simultaneously. A level of significance P is chosen for rejection of the null hypothesis and P may be as large as 0.30 for rejection, because a large number of comparisons as distinct from a large number of observations are being made (Bradley, 1968; Hajek, 1969) . The next step is to find the quantile point of the probability ofPjk (,k -l) , called the critical 2 value. When the null hypothesis is true the following inequality holds for all pairs of mean ranks R t and R } with a probability (1 -P) .
The Kolmogorov-Smirnov two-sample test
The cumulative sample distribution functions are used for the test and for each concentration range the difference between the two cumulative distributions is calculated. The absolute values of the differences so obtained are compared with one another and the greatest absolute value is chosen as the test statistic for the two-sided version of the test. The test statistic is then compared with a theoretical test statistic for a particular P value. If the theoretical test statistic is exceeded, then the null hypothesis (that the distributions are the same at all concentration ranges) is rejected with the chosen P value. In the one-sided version of the test the sign of the difference enables one to distinguish which distribution median is larger.
Tests for randomness of data
The air contamination was sampled using an objective sampling scheme at regular 5-min intervals throughout each day. The events giving rise to air contamination were not at regular intervals during the day. Thus, it might be reasonable to expect that the contamination measured would be randomly distributed in time and no bias would arise from the experimental design. This was tested using a standard quality control test: the runs-up-and-down test (Gibbons, 1976) . The results of such tests showed that the data were genuinely random and no bias could arise from non-randomness.
APPENDIX B
SIMPLE CORRELATION ANALYSIS
The results from the theatre record and the summed measurements of halothane and trichloroethylene concentrations for each morning or afternoon session were analysed by simple correlation analysis using the Statistical Analysis System of Barr and Goodnight (1972) . This system was available as an ICL 1906 computer program package and the tests were performed by J. A. Lewis, F. Grady and A. Barker (personal communications). In the analysis, all significant tests were Fisher F tests, and it may be expected that some of the P values quoted in the discussion in the main text are optimistic, in view of the fact that not all of the variables tested were normally distributed. At the time these tests were performed no non-parametric versions of such tests were available to us.
